Abstract. We prepared nanoporous graphene/silica nanohybrid and demonstrated its better Pickering emulsion properties for Chemical Enhanced Oil Recovery in comparison to the similar silica nanohybrid with a single-walled carbon nanotube. The samples were characterized with X-Ray Di raction (XRD), Field Emission Scanning Electron Microscopy (FE-SEM), and Thermal Gravimetry Analysis (TGA). Emulsion phase morphology was investigated with optical microscopic image. Evaluation results demonstrated that the best samples are 70% nanoporous graphene/SiO 2 (both methods) and 70% SWCNT/SiO 2 nanohybrid (Method 1). Contact angle measurement results showed that 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) is more e ective in the improvement of the stone reservoir wettability alteration from oil-wet to water-wet. Interfacial tension results indicate that the maximum amount is related to the injection of water, and the minimum amount is related to the injection of nano uid of 70% nanoporous graphene/SiO 2 nanohybrid (Method 2). This result indicates the preference of 70% nanoporous graphene/SiO2 nanohybrid (Method 2) for decreasing the interfacial tension in comparison to the other samples.
Introduction
Emulsions stabilized by solid particles have been known for more than a century and named after S. Pickering who discovered that coalescence of droplets is suppressed when solid particles are adsorbed at the oil-water interface [1] . Applications of solid-stabilized emulsions in various elds have been described in several articles and patents. Depending on whether the particles are more hydrophilic or hydrophobic, they tend to stabilize oil-in-water or water-in-oil emulsions, respectively [2] . Surface wettability and particle size are two important parameters of controlling emulsion properties. The amphiphobic nature of pristine SWCNTs and carbon pushes them toward accumulation at the water/oil interface preferentially, instead of dispersing in any of the bulk phases. At the same time, silica particles have been extensively studied for oil-inwater Pickering emulsions as hydrophilic emulsi ers [3] . Therefore, we anticipate that the SWCNT-silica combination o ers a unique structure that can o er great exibility in controlling the surface wettability by adjusting the carbon/silica ratio. Thus, it is possible to modify the distributions of partitioning coe cients between oil and water [4] .
Graphene is a monolayer of carbon atoms arranged in hexagonal lattice [5, 6] . It has excellent optical, mechanical, and electronic properties [7] [8] [9] [10] [11] [12] [13] . Graphene oxide can be formed with the oxidation of graphene [14, 15] . The process of oxidation causes the dispersion of GO sheets in water and other polar solvents because of the functional groups formation (such as carboxyl, epoxy, and hydroxyl) in the edges [16] . Therefore, GO has an amphiphile surface with hydrophilic edges and hydrophobic plane [17] . In addition, GO has many applications such as catalytic supports for chemical reactions [18, 19] , adsorption [20, 21] , and separation of pollutants [22] .
In this research, we have successfully prepared nanoporous graphene silica nanohybrid and demonstrated its better Pickering emulsion properties for Chemical Enhanced Oil Recovery (C-EOR) in comparison to the similar silica nanohybrid with a SingleWalled Carbon Nanotube (SWCNT). Stability of the Pickering emulsions was controlled for one month. Emulsion phase morphology was investigated by optical microscopic image. Evaluation results demonstrated that the best samples are 70% nanoporous graphene/SiO 2 nanohybrids (both methods). Stability of the selected nanohybrids was investigated by alteration of salinity, pH, and temperature. Moreover, results showed that the related Pickering emulsions of the selected nanohybrids have very good stability at 1% salinity, moderate and high (25 C and 90 C) temperatures, and neutral and alkaline (7, 10) pH that are suitable for the oil reservoirs conditions. However, contact angle and interfacial tension measurement results showed that the 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) is more e ective in improvement of the stone reservoir wettability alteration from oil-wet to water-wet and can decrease the interfacial tension. Therefore, 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) Pickering emulsion can be used for Chemical Enhanced Oil Recovery (C-EOR).
Materials and methods
Nanoporous graphene and SWCNT were supplied by Nanotechnology Research Center of Research Institute of Petroleum Industry (RIPI). Commercial sodium silicate solution (SiO 2 /Na 2 O = 3.35) was used as the precursor to form the silica structure. Sodium dodecyl benzene sulfonic acid (SDBS), 2-Propanol, and n-octane were used as received from Merck Company without any further puri cation.
The as-prepared nanohybrids were characterized by Field Emission Scanning Electron Microscope (FE-SEM) using a Holland Phillips XL30 microscope. XRD patterns of the samples were recorded in ambient air using a Holland Philips X-ray powder di raction (Cu K , = 1:5406 A) at scanning speed of 2 /min from 20 to 80 . Transmission Electron Microscopy (TEM) was performed with a Philips EM 208 FEG instrument operating at 90 kV. Optical microscopic images were prepared with Quantimet-570 microscope.
Functionalization of carbon nanostructures
Carbon nanostructures were acid treated with concentrated HNO 3 . Therefore, 2 g of carbon nanostructures were added to a mixture of about 160 ml distilled water and 140 ml nitric acid and allowed to re ux for 10 h. After ltration and neutralization with distilled water, the sample dried in the oven at 60 C.
2.2. Synthesis of carbon nanostructures/silica nanohybrid 2.2.1. Method 1: Addition of the carbon nanostructure in media before starting the synthesis of silica nanoparticles Suitable amount of the functionalized carbon nanostructure for 70, 50, and 10 wt% nanohybrids was dispersed in 30 ml of HCl (2.5%) solution at room temperature. Then, 2-3 ml sodium silicate was added. After about 5 hours of mixing, the solution was washed with distilled water and dried in an oven at 60 C.
Method 2:
Addition of the carbon nanostructure among silica nanoparticles synthesis steps A quantity of 2-3 ml sodium silicate was rst dissolved in 30 ml of HCl 2.5% at room temperature. Then, the suitable amount of the functionalized carbon nanostructure for 70, 50, and 10 wt% nanohybrids was dispersed in 30 ml of HCl (2.5%) solution at room temperature. After about 5 hours of mixing, the solution was washed with distilled water and dried in the oven at 60 C.
Preparation of Pickering emulsions
A quantity of 0.05 g nanohybrid was dissolved in 50 ml distilled water and then sonicated for 10 minutes in ultrasonic bath. After that, 0.15 g of SDBS, 3 ml 2-propanol, and 3 ml n-decane as oil model were added to the solution, respectively. Then, it was sonicated for 10 minutes again. The Pickering emulsions' stability of these nanohybrids was investigated for one month. Therefore, carbon nanostructure was modi ed with nitric acid to enhance its hydrophilicity for producing O/W emulsion. The generation of oxygenated groups on the carbon nanostructure surface is directly related to the time of treatment with HNO 3 . Presumably, these groups reside at the tube ends and also on the sidewalls, bonded to sp3-like carbons in regions of increased curvature on the graphitic sheet (e.g., alcohols). SEM and TEM images of SWCNT and TEM images of nanoporous graphene received from Research Institute of Petroleum Industry (RIPI) are demonstrated in Figure 1 (a), (b), and (c), respectively. Obviously, the nanotube structure can be seen for SWCNT in this gure. In addition, the layer structure of graphene can be seen in Figure 1 (c).
Synthesis of carbon nanostructures/silica nanohybrids
Selection of the as-prepared nanohybrids for XRD, SEM, and TGA analyses is done with special attention paid to the related emulsion stability. XRD patterns of nanoporous graphene, silica nanoparticles, 70% nanoporous graphene/SiO 2 nanohybrid (Method 1), 70% nanoporous graphene/SiO 2 nanohybrid (Method 2), and 70% SWCNT/SiO 2 nanohybrid (Method 1) are shown in Figure 2 (a)-(e), respectively. The characteristic peak of nanoporous graphene is about 29:08 that is observed in Figure 2 (a), indicating the existence of nanoporous graphene with a single or a few layers [23] . According to Figure 2 (b), silica nanoparticles have amorphous structures [24] . 70% nanoporous graphene/SiO 2 nanohybrid (Method 1), 70% nanoporous graphene/SiO 2 nanohybrid (Method 2), and 70% SWCNT/SiO 2 nanohybrid have amorphous structures.
The morphologies of the as-prepared nanohybrids were investigated by SEM images. brid are presented in Figure 3(a)-(d) , respectively. The layer and nanoporous structure of the graphene sample can be observed in Figure 3(a) . In addition, in Figure 3(b) , the tubular structure of SWCNT is presented. In Figure 3(c), (d) and (e), we can see the silica nanoparticles with spherical morphology that were uniformly attached to the related nano carbon structure.
Thermal Gravimetric Analysis (TGA) results of 70% nanoporous graphene /SiO 2 nanohybrid and 70% SWCNT/SiO 2 nanohybrid in Nitrogen atmosphere with 0.1 C/min temperature rate increase are presented in Figure 4 . As can be seen, H 2 O molecules escaped from the samples at 100 C. nanoporous graphene has high thermal stability [25] ; therefore, it was degraded at about 600 C, but SWCNT was degraded at about 260-270 C. SiO 2 nanoparticles remain stable even at 800 C because of their high thermal stability.
Nanohybrids were prepared by the addition of carbon compound during the preparation of silica nanoparticles by sol-gel method using two di erent mixing methods: sions stability was performed for one month, and the related images are shown in Figure 5 . Figure 5 SWCNT/silica nanohybrid Pickering emulsions made by two di erent methods after a month, respectively. The comparison between emulsion stability of nanoporous graphene/silica nanohybrids is shown in Figure 5 (a). As can be seen, 70% nanoporous graphene/SiO 2 Pickering emulsions that were prepared with Methods 1 and 2 have lower precipitation than the others do. The comparison between emulsion stability of SWCNT/silica nanohybrids is shown in Figure 5 (b). As can be seen, 70% and 50% SWCNT/SiO 2 nanohybrid emulsions that were prepared with Method 1 have the lowest precipitation in comparison to the others. Therefore, Pickering emulsions of 70% nanoporous graphene/SiO 2 nanohybrids (both methods) and 70% and 50% SWCNT/SiO 2 nanohybrid (Method 1) have the best stability in comparison to the other samples.
Optical microscopic images of the nanohybrids Pickering emulsions are shown in Figure 6 . According to the suitable optical microscopic images of such Pickering emulsions that can be used for C-EOR (reported by Professor Resasco [3] ), the images in Figure 6 were investigated. A suitable Pickering emulsion has homogenous dispersion of emulsion droplets with good compact, where the solid particles of nanohybrids are surrounded by them. By considering the evaluation of emulsion stability (presented in Figure 5 ), 70% SWCNT/SiO 2 nanohybrid emulsion (Method 1) and 70% nanoporous graphene/SiO 2 nanohybrid emulsions (both methods) were selected (Figure 6(a) and (b) , respectively). The mentioned Pickering emulsions have uniform emulsion droplet size and dispersion, and each of droplets is surrounded very well with solid particles of the related nanohybrid [26, 27] .
For the evaluation of the as-prepared nanohybrids ability for decreasing interfacial tension and wettability improvement of carbonate reservoir rock and judgment about their application for chemical enhanced oil recovery, contact angle and interfacial tension of the related nano uids were evaluated. The mentioned evaluations were performed according to the methods presented in reference [24] with slight modi cation. Figure 7 shows the nano uid contact angle measurement of 70% nanoporous graphene/SiO 2 nanohybrids (both methods) and 70% SWCNT/SiO 2 nanohybrid. For measuring contact angle, the chamber is full of kerosene and water droplet, or a nano uid droplet is injected by a syringe. In this condition, a contact angle below and over 90 represents more hydrophilic and hydrophobic samples, respectively. According to Figure 7 . Contact angle between (a) water droplet and carbonate rock reservoir as reference sample, (b) water droplet and stone reservoir with a layer of 70% SWCNT/SiO 2 nanohybrid, (c) water droplet and stone reservoir with a layer of 70% nanoporous graphene/silica nanohybrid (Method 1), and (d) water droplet and stone reservoir with a layer of 70% nanoporous graphene/silica (Method 2) nanohybrid similar to the method that was described in [24] with slight modi cation. Figure 7 , the contact angles of (a) water droplet and stone reservoir, (b) water droplet and stone reservoir with a layer of SWCNT/SiO 2 nanohybrid, (c) water droplet and stone reservoir with a layer of 70% nanoporous graphene/SiO 2 nanohybrid (Method 1), and (d) water droplet and stone reservoir with a layer of 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) are 143.47, 68.89, 60.54, and 58.50, respectively. As can be seen, the 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) has the least contact angle amount in comparison to the other samples, and it represents more hydrophilicity and better alteration of the wettability of carbonate reservoir rock from oil-wet to water-wet. We suppose that the layer structure of nanoporous graphene can better spread on stone reservoir in comparison to single-walled carbon nanotubes. Therefore, 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) is more e ective in the alteration of stone reservoir wettability from oil-wet to water-wet, and the related Pickering emulsion can be used for Chemical Enhanced Oil Recovery (C-EOR).
According to the interfacial tension results presented in Figure 8 
Conclusion
In this paper, Single-Walled Carbon nanotubes (SWCNTs) and nanoporous graphene nanohybrids with SiO 2 nanoparticles were synthesized with di erent weight percentages. The related nanohybrids Pickering emulsions were prepared with n-octane as oil model, suitable anionic surfactant (such as SDBS) and 2-Propanol as alcoholic co-surfactant at pH = 7, and ambient temperature with distilled water. Stability of the mentioned Pickering emulsions was controlled for one month. Emulsion phase morphology was investigated with optical microscopic image. Evaluation results demonstrated that the best samples are 70% SWCNT/SiO 2 (Method 1) and 70% nanoporous graphene/SiO 2 nanohybrids (both methods). Contact angle measurement results showed that the 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) is more e ective in the improvement of the stone reservoir wettability alteration from oil-wet to waterwet. Interfacial tension results indicate that the maximum amount is related to the injection of water, and the minimum amount is related to the injection of nano uid of 70% nanoporous graphene/SiO 2 nanohybrid (Method 2). This result indicates the preference of 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) for decreasing the interfacial tension in comparison to the other samples. Therefore, 70% nanoporous graphene/SiO 2 nanohybrid (Method 2) Pickering emulsion can be used for Chemical Enhanced Oil Recovery (C-EOR). 
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